Abstract-A slot-ring multiport driven (MPD) antenna is evaluated for operation in the terahertz band with emphasis on air-side radiation on a thick Indium Phosphide (InP) substrate. Geometrical modification to the known slot-ring are made by employing a circular outer ground and a backing ground plane to focus the radiation in the airside direction. Optimization of the modified structure is made to find the optimal size of the upper ground plane. The optimal design achieves maximum directivity of 10.8 dB which is an improvement of 3 dB from the original design. Moreover, the radiation is directed in the airside direction with a front-to-back lobe ratio of 14 dB. The slot-ring antenna design is verified by fabrication at 5 GHz and achieves 10.2 dB directivity.
I. INTRODUCTION
The drive to accommodate the large number of devices envisaged in the Internet of Things (IoT) has led to the exploration of the terahertz (300GHz-3THz) band to open new communication channels. The terahertz band offers largely unregulated bandwidth for short-range high data-rate communications. As a result, a lot of work has been done by both industry and academia to develop terahertz communications [1] , [2] . Resonant tunnelling diodes (RTDs) have been demonstrated to work as compact sources at room temperatures in the terahertz and sub-terahertz band [3] - [5] . RTD's therefore have the potential to make sub-Terahertz communications feasible if successfully coupled to antennas. The low power output of RTD-based oscillators (<1mW) requires efficient antennas to achieve communication over longer distances (few meters). Planar antennas are favoured because of ease of manufacture and integration, but at the millimeter-wave frequencies they suffer from low efficiency due to the excitation of substrate modes as the substrate gets electrically larger than a quarter wavelength [6] . In most cases the thickness of the substrates can not be made thin due to manufacturing process and packaging constraints. The excitation of substrate modes confines some -and in some cases all [6] -of the antenna's radiated energy along the substrate instead of into the air. Moreover, the surface waves travelling along the substrate diffract at the edges as they exit the substrate, and interfere with the desired radiation pattern. This study investigates a multiport driven (MPD) slot-ring antenna's feasibility to integrate with RTD-based oscillators. A brief introduction of MPD antennas and the slot-ring MPD antenna are introduced in Section II, outlining the current limitations. The geometry of the antenna was modified to improve air-side radiation of the slot-ring antenna. Further optimisation of the modified slot-ring antenna were made to achieve the optimal air-side radiation with minimum backside and lateral radiation. Conclusions and future work are presented in Section IV II. MULTIPORT DRIVEN SLOT-RING ANTENNA Multiport driven (MPD) radiators offer the possibility to obtain high radiation efficiency even with low input impedance antennas and power combining by the antenna [7] . An eight source multiport driven radiator designed for 155 GHz operation implemented using a conductor ring with a wheel and spoke geometry on a quarter-wavelength thick silicon substrate with a reported gain of 4.4 dBi, 9.71 dBi maximum directivity and 30 % efficiency was described in [7] . The key design parameter of an MPD ring antenna is g = 2πr/λ, the circumference to wavelength ratio of the ring, where r is the radius of the loop. The design criteria is to create a loop with 1 < g < π/2 in order to get the currents on the opposite halves of the loop and the center spokes to add up coherently and radiate effectively. The design in [7] features an multilayered structure with the spokes on a lower level and ring on a plane above the spokes, and two ground planes. A design challenge with the ring MPD antenna is to route the tracks to the driven points along the ring. A complementary structure of the loop antenna is a slot-ring and is presented in [8] which features integrated sources at desired points along the slot-ring. The slot-ring MPD in [8] was designed for backside radiation without the use of lenses due to the high dielectric constant of the substrate. The slot-ring is particularly interesting due to the relatively less complicated fabrication compared to the ring MPD requiring less metallisation layers. A drawback of the slot-ring is the backside radiation which we improve on in this study.
A. 300GHz Slot-ring MPD
A slot-ring antenna for 135 GHz operation on a 250 μm silicon substrate, (0.41λ) was presented in [8] . The effects of electrically thick susbstrate (≥ 0.41λ) on the slot-ring antenna are yet to be established and are investigated in this paper with the aim of establishing how much of an effect they have on the performance of the slot-ring MPD. To this effect, a 300 GHz slot-ring MPD antenna was designed using the critea mentioned above and simulated in OpenEMS to OpenEMS is an open source finite-difference time-domain (FDTD) electro-magnetic field solver [9] . The designed slot ring has a radius of 45 μm (g = 1 at 300 GHz), a slot aperture of 5 μm, while the substrate dimensions are 1000×1000×635 μm. Four sources separated by a quarter wavelength along the slot ring are driven with a quarter period delay (equivalent of 90 degree phase shift) from each other. Figure 1 shows the simulated directivity of the slotring with an electrically thick substrate. The pattern is on the backside of the substrate as is was the case in [7] but with significant lateral radiation. The electrically thick substrate supports more substrate modes which exit the substrate at the edges and cause lateral radiation which is also emphasized at the corners of the substrate. Figure 2 shows the evolution electric field distribution along the slot ring at successive time instances. The travelling wave along the slot is shown by the displacement of the peaks along the ring in a counterclockwise direction. The field intensities at the corners of the substrate (shown by dotted line) are high and we attribute them to the undesired lateral radiation shown in Figure 1 which ultimately reduce the directivity of the antenna.
B. Airside Radiation Improvement
The improvements we make on the initial design are to address 1) air-side radiation and 2) minimise lateral radiation at the edges of the substrate. We achieve this by adjusting the geometry of the outer ground plane to a circle and placing a ground plane on the backside of the substrate. The ring MPD presented in [7] uses a ground plane on the backside of the substrate but places a quarter wavelength substrate thickness requirement to guarantee coherent integration of the waves reflected from the ground for effective radiation. In this study a 2.25λ (9 quarter wavelengths) thick substrate is used. Figure  3 shows the modified slot-ring MPD antenna. A circular outer ground plane minimizes the lateral radiation by allowing a purer circular travelling wave around the outer ground plane as shown in Figure 4 without corners which result in undesired radiation. The ground plane on the back of the substrate focuses the radiation on to the air side by reflecting waves that travel downwards. Figure 5 shows the directivity of the improved structure. There is an improvement on the directivity 
C. Optimization of Modified Slot-Ring MPD
The initial results suggest that there should be an optimal size for the outer ground between the smallest value (thin loop surrounding the slot) to the maximum (covering the entire top surface). The geometry of the modified slot-ring MPD was varied to obtain the optimum directivity. The radius of the outer ground plane was varied keeping the size of the substrate constant at 1000×1000×635 μm and the directivity was observed. Figure 6 shows the dependence of directivity on the size of the outer ground plane expressed in H = 2πR g /λ g , where R g is the radius of the outer ground plane and λ g is the guided wavelength. The directivity increases as the size of the outer ground plane is increased from the initial value of 8.60 dBi at H=2 and achieves a maximum value of 10.9dBi at H=4 and reduces to a value of 6.4 dBi at H=6. This suggests that the optimum outer ground radius for maximum directivity is approximately R g = 4λ g /2π. The front-to-back lobe ratio also shows a dependence on the size of the outer ground plane as shown by Figure 7 . The modified slot-ring MPD shows a good front-to-back lobe ratio of between 13 dBi and 14.8 dBi in the range H ∈ [2, 5] beyond which a significant part of the radiation is directed to the back and laterally. The input impedance at each port of the modified slotring antenna at the design frequency of 300GHz also shows a dependence on the size of ground plane as shown in Figure 8 . The input impedance is inductive with the reactive part of the impedance between steadily increasing with H from 70 Ω and 95 Ω when H ∈ [2, 6] and reducing there after. The resistive part shows a relative steady value around 25 Ω for H ∈ [3, 5] , reaching a peak of 40 Ω at H=6 and then reducing to 11 Ω for H greater than 9.
III. EXPERIMENTAL VALIDATION OF SLOT-RING ANTENNA
A slot-ring antenna was designed and fabricated for 5 GHz operation to validate the concept of a slot ring antenna with a Figure 9 shows the fabricated antenna on 762 μm of Rodgers laminated board (ε r = 3.48) with 1 μm thick copper. The dimensions were for maximum directivity of H=4, with the outer circle radius of 25.41 mm, slot radius, r = 7.57 mm and a slot width of 3 mm on a 100 mm×100 mm board. The antenna was fed at locations quarter wavelength apart and the phase difference was achieved by using two coax cables with a quarter wavelength difference in length. Figure 10 shows the simulated and measured far field radiation pattern. The measured patterns matches simulated pattern with an unexpected null attributed to the coax cables that run across the front of the antenna. Feeding the antenna from the back through the use of narrower cables is expected to eliminate the effects of the cables. The measured directivity is 10.2 dB which is similar to the simulated value of 10.8 dB. 
IV. CONCLUSION
We present an improved slot-ring multi-port driven antenna with air-side radiation for operation at 300GHz. An optimal design for the improved antenna is also achieved along with relations of the directivity and input impedance on the geometry of the antenna. A maximum simulated directivity of 
